Reactive oxygen species (ROS) and reactive nitrogen species (RNS) play important roles in regulating cell survival and death. Silibinin is a natural polyphenolic flavonoid isolated from milk thistle with anti-tumor activities, but it was found to induce cytoprotective ROS/RNS in human breast cancer MCF-7 cells. Furthermore, treatment with silibinin down-regulates ERα expression in MCF-7 cells, and inducing both autophagy and apoptosis. In this study we explored the relationship between ER-associated pathways and RNS/ROS in MCF-7 cells. We also investigated the molecular mechanisms underlying the reciprocal regulation between ROS/RNS levels and autophagy in the death signaling pathways in silibinin-treated MCF-7 cells. Silibinin (100-300 μmol/L) dose-dependently increased ROS/RNS generation in MCF-7 cells (with high expression of ERα and low expression of ERβ) and MDA-MB-231 cells (with low expression of ERα and high expression of ERβ). Scavenging ROS/RNS significantly enhanced silibinin-induced death of MCF-7 cells, but not MDA-MB-231 cells. Pharmacological activation or blockade of ERα in MCF-7 cells significantly enhanced or decreased, respectively, silibinin-induced ROS/RNS generation, whereas activation or block of ERβ had no effect. In silibinin-treated MCF-7 cells, exposure to the ROS/RNS donators decreased the autophagic levels, whereas inhibition of autophagy with 3-MA significantly increased ROS/RNS levels. We further showed that increases in ROS/RNS generation, ERα activation or autophagy down-regulation had protective roles in silibinintreated MCF-7 cells. Under a condition of ERα activation, scavenging ROS/RNS or stimulating autophagy enhanced the cytotoxicity of silibinin. These results demonstrate the existence of two conflicting pathways in silibinin-induced death of MCF-7 cells: one involves the down-regulation of ERα and thereby augmenting the pro-apoptotic autophagy downstream, leading to cell death; the other involves the up-regulation of pro-survival ROS/RNS; and that the generation of ROS/RNS and autophagy form a negative feedback loop whose balance is regulated by ERα.
Introduction
Breast cancer is one of the most common malignancies and remains the second leading cause of cancer death among women [1] . The estrogen receptors (ERs), ERα and ERβ, exert opposing effects on cellular processes, including proliferation, apoptosis, cell migration and cancer development. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) play important roles in the regulation of cell survival. Although more research has concentrated on the role of ROS/RNS in MCF-7 breast cancer cells [2] [3] [4] [5] , the exact molecular mechanisms involving ROS and RNS are far from clear [6, 7] . Under physiological conditions, cells maintain redox balance through the generation and elimination of ROS/RNS; moderate levels of ROS/RNS function as signals promoting cell proliferation and survival, whereas severe increases of ROS/RNS induce cell death [8] . It has been proposed that, in MCF-7 cells, ROS/ RNS induced by cytotoxic concentrations of silibinin are protective and are augmented by inter-regulation between RNS and ROS [2, 3] . Autophagy is an intracellular catabolic process that plays a critical role in the degradation of cytoplasmic proteins [9] . Accumulating evidence indicates that the induction of autophagy may promote apoptosis [10, 11] . Our previous study has shown that treatment with silibinin down-regulates ERα expression in MCF-7 cells, thus resulting in the induction of both autophagy and apoptosis [12] . Moreover, silibinin induces apoptosis through the mitochondrial pathway by up-regulating ERβ activity, which is not involved in the modulation of autophagy in MCF-7 cells [13] . There are very few studies in the literature exploring the relationship between ER-associated pathways and RNS/ROS in cancer cells. Therefore, the aim of the present study wais to test the hypothesis that the generation of pro-survival ROS/RNS is regulated by ERs.
Materials and methods

Reagents
Silibinin with a purity of 99% was purchased from Jurong Best Medicine Material (Zhenjiang, Jiangsu, China) and was dissolved in dimethylsulfoxide (DMSO) to make a stock solution. MEM complete medium was used to dilute the stock solution, and the final concentration of DMSO was kept below 0.1% in cell culture to minimize any cytotoxic effects on cells. The reagents 4,5-diaminofluorescein diacetate (DAF-2 DA) and rapamycin were obtained from Cayman Chemical (Ann Arbor, MI, USA). 2',7'-dichlorofluorescein diacetate (DCF-DA), N-acetylcysteine (NAC), SOD, tertbutylhydroperoxide (tBHP), N-nitro-L-arginine methyl ester (L-NAME), N-(3-(aminomethyl) benzyl) acetamidine (1400W), sodium nitroprusside (SNP), 3-methyladenine (3-MA), methylthiazolyldiphenyl-tetrazolium bromide (MTT), acridine orange (AO), propidium iodide (PI), RNase A, monodansyl cadaverine (MDC), estrogen receptor alpha (ERα)-specific antagonist 1,3-bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride (MPP dihydrochloride), estrogen receptor β (ERβ)-selective agonist 2,3-bis(4-hydroxyphenyl)-propionitrile (diarylpropionitrile, DPN), ERβ full antagonist 2-phenyl-3-(4-hydroxyphenyl)-5,7-bis(trifluoromethyl)-pyrazolo[1,5-a]pyrimidine (PHTPP), primary antibody against LC3 (L8918), trypan blue and (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) were purchased from Sigma Chemical (St Louis, MO, USA). The ERα receptor agonist 4,4',4''-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT) was purchased from Tocris Bioscience (Bristol, UK). Primary antibodies against iNOS (sc-651), p62 (sc-25575), caspase-6 (sc-1232), inhibitor of caspase-activated DNase (ICAD) (sc-9066), poly-ADP-ribose polymerase (PARP) (sc-7150) and β-actin (sc-47778), as well as horseradish peroxidase-conjugated secondary antibodies, were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The SuperSignal West Pico Chemiluminescent Substrate ® , used in conjunction with the horseradish peroxidase (HRP) enzyme, was purchased from Thermo Scientific (Rockford, IL, USA). The GFP-LC3 plasmid was purchased from Wuhan Miaolingbio Bioscience & Technology (Wuhan, China). Lipofectamine 2000 Transfection Reagent was purchased from Thermo Fisher Scientific (Carlsbad, CA, USA). Hoechst 33258 was purchased from Wanleibio (Shenyang, China).
Cell culture
Two human breast cancer cells, MCF-7 and MDA-MB-231, were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). MCF-7 cells were cultured in Minimum Essential Medium (MEM, Gibco, Grand Island, NY, USA). MDA-MB-231 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco, Grand Island, NY, USA). All media were supplemented with 10% fetal bovine serum (FBS) (Beijing Yuanheng Shengma Research Institution of Biotechnology, Beijing, China), penicillin (100 U/mL) and streptomycin (100 mg/mL). Cells were incubated at 37 °C with 5% CO 2 in a humidified atmosphere. All experiments were performed on logarithmically growing cells.
Morphological changes
MCF-7 cells were seeded on culture plates and incubated with silibinin or other tested agents for 24 h. Then, cellular morphology was observed by using phase contrast microscopy (Leica, Nussloch, Germany).
Nuclear damage observed by acridine orange (AO) staining Cells were labeled with AO (a fluorescent, selective DNA-and RNA-binding dye), and then changes in nuclear morphology of apoptotic cells were examined.
After incubation with the treatments for the indicated time periods, the cells were stained with 20 μg/mL AO at 37 °C for 15 min, and the morphology was observed by fluorescence microscopy (Olympus, Tokyo, Japan).
Observation of nuclear damage by Hoechst 33258 staining MCF-7 cells (5×10 4 /well) were cultured in 24-well culture plates. After 24 h of incubation, the cells were treated with the indicated treatments for 24 h. The cells were then incubated with 100 μL of Hoechst 33258 at 37 °C for 30 min, and the nuclear changes in fluorescence were observed with a fluorescence inverted microscope (Olympus, Tokyo, Japan).
GFP-LC3 plasmid transfection
Transient transfection was performed with Lipofectamine 2000 Transfection Reagent, peraccording to the manufacturer's protocol. Briefly, the cells were seeded at 2.5×10 4 /well in 0.5 mL of growth medium in a 24-well plate. After 24 h, the cells were incubated with 0.4 μg of GFP-LC3 plasmid and 1 μL of Lipofectamine 2000 Transfection Reagent per well. Six hours later, fresh growth medium was added. After 24 h, the cells were subjected to the indicated treatments for 24 h. Photomicrographs of GFP-LC3 were obtained by fluorescence microscopy.
Flow cytometric analysis
Propidium iodide (PI), a fluorescent dye that specifically binds to cellular DNA, was used to quantify DNA content. MCF-7 The fluorescent compound MDC has been used as a tracer for autophagic vacuoles. Cells subjected to the indicated treatments were collected, incubated with 0.05 mmol/L MDC solution in the dark at 37 °C for 30 min and analyzed by FACScan flow cytometry.
For measuring intracellular ROS and RNS generation, the MCF-7 cells were incubated with 10 mmol/L DCF-DA and DAF-2 DA, respectively, at 37 °C for 30 min. The cells were harvested, and the pellets were suspended in 1 mL PBS. The samples were analyzed by FACScan flow cytometry.
Cytotoxicity assay
The cells were subjected to the indicated treatments for 24 h. Then, the cells were rinsed twice with ice-cold PBS and incubated with 100 μL of 0.5 mg/mL MTT solution at 37 °C for 3 h. The supernatant was discarded, and the residual cell layer was dissolved with 150 μL DMSO. Thereafter, the optical absorbance (A value) was measured at the 490 nm wavelength by using a microplate reader (Thermo Scientific Multiskan MK3, Shanghai, China). The cell growth inhibitory ratio was calculated using the following equation:
Cell growth inhibitory ratio (%) =100×(A 490, control -A 490, sample )/(A 490, control -A 490, blank )
Trypan blue staining MCF-7 cells (3×10 5 /well) were cultured in 6-well culture plates. After 24 h of incubation, the cells were subjected to the indicated treatments for 24 h. The cells were then harvested and stained with 4 μg/mL trypan blue. Dead cells were counted using a hemocytometer. The cell death ratio was calculated as
Western blot analysis After the indicated treatments, both adherent and floating cells were collected at the predetermined time points and lysed with RIPA lysis buffer (Beyotime, Haimen, Jiangsu, China) supplemented with PMSF (1 mmol/L) for 30 min. After centrifugation at 12 000×g for 10 min, the supernatant was collected, and the protein concentration was determined with Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA, USA). The lysates ,were adjusted to contain equal amounts of total protein, and separated on 10%-13% SDS-PAGE gels. The protein bands were transferred to Millipore Immobilon ® -P Transfer Membranes (Millipore Corporation, Billerica, MA, USA).
After being blocked with 5% skim milk at room temperature for 2 h, the membranes were incubated with primary antibodies at 4 °C overnight and then with the corresponding HRPconjugated secondary antibodies at room temperature for 2 h. The blots were visualized using SuperSignal West Pico Chemiluminescent Substrate ® purchased from Thermo Scientific (Rockford, IL, USA).
Statistical analysis
All the data and results obtained by at least three independent experiments are expressed as the means±SD. Comparisons between groups were determined using Student's t-test. Onetailed P-values were deemed to be significant when P<0.05.
Results
Silibinin induces ROS/RNS production in MCF-7 and MDA-MB-231 human breast cancer cells; scavenging ROS/RNS enhances silibinin-induced cell death in MCF-7 but not MDA-MB-231 cells The ROS/RNS-specific fluorescent probes DCF-DA/DAF-2 DA were used to investigate silibinin-induced ROS/RNS production [14] . To elucidate the relationship between silibinininduced ROS/RNS and estrogen receptors, we examined the generation of ROS/RNS in two different strains of human breast cancers: the MCF-7 cell line, which has inherently high expression of ERα and low expression of ERβ, and the MDA-MB-231 cell line, which has low expression of ERα and high expression of ERβ. Western blot results of the ERα and ERβ levels of MCF-7 cells and MDA-MB-231 cells were consistent with the results from previous reports [15, 16] ( Figure 1A ). The flow cytometric results showed that silibinin induced ROS/ RNS generation in a dose-dependent manner in both human breast cancer cell lines ( Figure 1D-1G ). The treatment with silibinin increased the expression of inducible nitric oxide synthase (iNOS) in a dose-dependent manner ( Figure 1B and 1C) . As shown in Figure 1H , the growth inhibition by silibinin in MCF-7 cells was enhanced by the non-enzymatic antioxidant NAC as well as another ROS scavenger, Trolox. Furthermore, the inhibitor of nitric oxide synthase L-NAME and the iNOS inhibitor 1400W both enhanced silibinin-induced MCF-7 cell death. Flow cytometric analysis after PI staining showed that NAC and Trolox pre-treatment significantly increased the ratio of sub-G 1 cells compared with silibinin-treated cells (Figure 1J) . However, unlike the MCF-7 cells, the ROS/RNS scavengers did not affect the viability of the MDA-MB-231 cells ( Figure 1I and 1K) . These results suggested that the downregulation of ERα and/or up-regulation of ERβ in silibinintreated MCF-7 cells [12, 13] might decrease the levels of ROS/ RNS.
ROS/RNS generation was enhanced by the activation of ERα but not ERβ
The cytotoxicity of silibinin in MCF-7 cells is correlated with the down-regulation of ERα and up-regulation of ERβ [12, 13] . In this study, we found that silibinin induced the production of ROS/RNS in two different breast cancer cell lines exhibiting different ERα and ERβ expression. Because the scavenging [17] , and the effects were evaluated by Western blot analysis (Figure 2A and 2D ). As shown in Figure 2B and 2C, compared with the silibinin alone group, the PPT-treated group had significantly increased levels of ROS/RNS. Moreover, the increase in ROS/RNS by silibinin was partially reversed by MPP pre-treatment. In contrast, pre-treatment with the ERβ agonists DPN or antagonist PHTPP had no influence on the production of ROS/RNS ( Figure 2F and 2G) . Western blot analysis of iNOS expression confirmed these effects on RNS levels ( Figure 2D and 2H) . These results demonstrated that the decreased ERα expression caused by MPP treatment suppressed the levels of protective ROS/RNS. ERα augments autophagy, which promotes silibinin-induced MCF-7 cell apoptosis, but ERβ does not participate in this process [12, 13] . The generation of ROS/RNS is partly due to the activation of ERα but not ERβ. In view of the above results, we investigated the relationship between ROS/RNS and autophagy. NAC/L-NAME was applied to eliminate ROS/RNS production, and tBHP/SNP was used to donate ROS/RNS ( Figure 3A and 3G) . The MDC positive ratio was alleviated by treatment with tBHP or SNP, compared with silibinin treatment alone, but was enhanced by the treatment with NAC/ L-NAME ( Figure 3B and 3H) . Furthermore, the treatment with tBHP or SNP up-regulated the expression of autophagyassociated protein p62 and decreased the level of autophagy marker LC3-II [18] ( Figure 3C and 3I), thus indicating a decrease in autophagy. The photomicrographs of GFP-LC3 by fluorescence microscopy confirmed these results ( Figure 3E and 3K) . In contrast, NAC and L-NAME promoted autophagy. These results suggest that ROS/RNS negatively regulate silibinininduced autophagy in MCF-7 cells.
Autophagy attenuated levels of cytoprotective ROS/RNS in silibinin-treated MCF-7 cells RNS acted together with ROS, increasing cell survival, whereas autophagy resulted in cell death. Therefore, we questioned whether there was any crosstalk between ROS/RNS and autophagy. Rapamycin, a canonical mTOR (mammalian target of rapamycin) inhibitor, was applied to determine the effect of autophagy on the generation of ROS/RNS [19] . Interestingly, rapamycin effectively inhibited silibinin-induced Figure 4B and 4C ). On the other hand, DCF-DA/DAF-2 DA staining showed that autophagic inhibitor 3-MA significantly enhanced ROS/RNS generation in silibinin-treated cells. These data indicated that autophagy partially inhibits the generation of cytoprotective ROS/RNS. Consistently with the above data, the iNOS expression in MCF-7 cells was also enhanced by 3-MA, but inhibited by rapamycin ( Figure 4D ).
ROS/RNS generation (
Modulation of ROS/RNS and ERα-associated autophagy was involved in silibinin-induced cytotoxicity
To further clarify the action of ERα in proliferation, we measured the cell survival rate during ROS/RNS up-regulation, ERα activation or autophagy inhibition. The results from MTT assays demonstrated that treatments with ROS/RNS donor tBHP/SNP, ERα agonist PPT and specific autophagic inhibitor 3-MA all decreased cell death caused by silibinin treatment in Figure 5A ). To further illustrate cell death rates, trypan blue staining was performed ( Figure 5B ). At the protein level, apoptosis is characterized by the sequential activation of caspase cascades; however, MCF-7 cells do not express caspase-3 [20, 21] . Among the remaining caspases, caspase-6 plays a major role as the death executioner in MCF-7 cells [12, 13] , catalyzing the specific cleavage of many key cellular proteins such as ICAD and PARP, thus inducing apoptotic cell death. Western blot analysis showed that the silibinin-induced activation of caspase-6 as well as the caspase substrates PARP and ICAD were all reversed by co-treatment with PPT, tBHP/ SNP or 3-MA ( Figure 5C and 5D ). These findings indicate that increases in ROS/RNS production, as well as ERα activation or autophagy down-regulation, have protective roles in apoptosis of silibinin-treated MCF-7 cells.
MCF-7 cells (
Scavenging ROS/RNS or stimulating autophagy enhanced the cytotoxicity of silibinin in a background of ERα activation As shown in Figure 6A and 6B, we used MTT assays and trypan blue staining to determine the effects of scavenging ROS/RNS and the up-regulation of autophagy on the growth of MCF-7 cells. MCF-7 cell death was attenuated following the activation of ERα by PPT administration, whereas this effect was not observed in cells treated with silibinin alone. However, this cytoprotective effect was blocked by pre-treatment with ROS scavengers, NAC/SOD, RNS scavengers, L-NAME/1400W or the autophagy inducer rapamycin. The morphological changes were observed by phase contrast microscopy or fluorescence microscopy with AO staining. The apoptotic features such as membrane blebbing and granular apoptotic bodies in the presence of NAC/SOD, L-NAME/1400W or rapamycin were all significantly increased compared with the observations in the silibinin plus PPTtreated group (Figure 6C and 6D) . The nuclear morphological changes were observed with Hoechst 33258 staining ( Figure  6E ). Western blot analysis showed that the activation of caspase-6 and the caspase substrates PARP was augmented by co-treatment with NAC/SOD, L-NAME/1400W or rapamycin, compared with the silibinin plus PPT-treatment ( Figure 6F and 6G). All these results indicated that scavenging of ROS/ RNS or stimulation of autophagy enhances the cytotoxicity of silibinin in a background of ERα activation (Figure 7) .
Discussion
This study was conducted on the basis of previous findings that silibinin induces protective ROS/RNS generation in MCF-7 cells [2, 3] and inhibits ERα, thereby promoting downstream autophagic flux [12] . In the present study, we found that ERα had a role in the modulation of ROS/RNS; however, ERβ had no effect on this modulation. Furthermore, we found that both ROS and RNS acted against autophagy. However, autophagy also restricted the production of ROS and RNS. The complicated crosstalk between the pro-survival ROS/RNS and ERα-regulated autophagy signaling pathway was found to determine the fate of silibinin-treated MCF-7 cells. The potential anti-tumor drug silibinin is a natural polyphenolic flavonoid compound isolated from milk thistle, and several studies in recent years have shown that silibinin functions as either a pro-oxidant or anti-oxidant both in vivo and in vitro [2, 22, 23] . Classically, ROS/RNS are considered to be deleterious agents, causing a vast range of pathological conditions; however, their protective effects have more recently been appreciated. Many studies have suggested that ROS/RNS may function as a part of signal-transduction pathways regulating the transformation and uncontrolled growth potential of tumor cells [24, 25] . Their protective effects have been found to contribute to the initiation of cancer through accelerating protumorigenic signaling pathways and changing the activity of the tyrosine phosphatases superfamily [26] . For instance, the inhibition of PTEN by ROS promotes the PI3K/Akt signaling pathway, which may be the most frequently activated signaling pathway in cancer cells [27] [28] [29] . In this study, we observed that cytotoxic doses of silibinin induced protective ROS/RNS generation in MCF-7 cells. This finding is consistent with results reported by Wang et al [2, 3] Previously, we have reported that silibinin exhibits a cytotoxic effect against MCF-7 cells through the down-regulation of ERα and up-regulation of ERβ signaling pathways [12, 13] . Accumulating evidence demonstrates that ERα stimulates ROS generation and modulates the intracellular redox state in a variety of cancer cells [30] [31] [32] [33] . Thus, we speculated that the estrogen receptor might be a necessary component in regulating the generation of ROS/RNS in silibinin-treated MCF-7 cells.
To test this hypothesis, we modulated the activity of the estrogen receptor by adding an ERα-specific agonist/antagonist PPT/MPP and ERβ-specific agonist/antagonist DPN/ PHTPP and compared the changes in ROS/RNS with those treated with silibinin alone. Our results showed that the gen- eration of pro-survival ROS/RNS was partly controlled by the activated ERα but not ERβ. These results were consistent with those of other studies that have been performed [34, 35] , suggesting that modulation of the estrogen receptor is involved in ROS production. It is likely that ERα plays a greater role than that of ERβ in the activation of pro-survival ROS/RNS in silibinin-treated MCF-7 cells. ERα binds in a ligand-dependent manner to the p85α regulatory subunit of phosphatidylinosi- tol-3-OH kinase (PI3K), thus leading to the activation of Akt and endothelial nitric oxide synthase (eNOS) [36] . As shown in our previous papers, ERα mediates the survival of MCF-7 cells through activation of the PI3K/Akt signaling pathway, but ERβ has no influence on this process [12, 13] . In addition, a large number of published reports have indicated that the expression of antioxidant enzymes is due to regulation of the ERα/ ERβ ratio [34, 35, 37] . We conclude that the effects of estrogen receptors on pro-survival free radicals may be due, at least partly to the down-regulation of ERα, but may also be due to the down-regulation of the ERα/ERβ ratio caused by the silibinin treatment.
Autophagy is a catabolic process involved in the degradation and recycling of damaged components within cells [38] . Many studies have proposed a role of autophagy as a mechanism to carry out cell death, owing to the excessive degradation of essential cellular components that are required for normal cell function [39] [40] [41] . Our previous research suggests that co-treatment with silibinin and MPP results in autophagy and consequently promotes apoptosis in MCF-7 cells [12] . Unlike ERα, ERβ does not affect the autophagic process [13] . Autophagy and the autophagy machinery regulate both redox balance and ROS formation under distinct circumstances. Autolysosomes have been proposed to be sources for ROS [38] . Our results demonstrate a negative feedback loop between autophagy and ROS production in silibinin-treated MCF-7 cells, adding new evidence of their interactions. ROS/RNS have a variety of effects on autophagy, depending on the cell type [29, 42] . In MCF-7 cells, silibinin-and ERα antagonist MPP-induced cell growth inhibition is further augmented by rapamycin treatment, but partially reversed by 3-MA [12] . In this study, eliminating the pro-survival ROS by NAC or scavenging RNS by L-NAME elevated the expression of LC3-II, a typical marker of autophagy. Inhibition of ROS/RNS production caused an increase in the autophagic ratio. However, suppression of autophagy by 3-MA caused an increase in ROS/RNS release. Therefore, ROS/RNS and autophagy play a negative feedback role in silibinin-induced human breast cancer MCF-7 cell death. However, it has also been reported that ROS stimulates autophagy in PC-3 cells [9] and MCF-7 cells [43] . It appears that the regulation between ROS and autophagy is cell type dependent. Moreover, the differences may be due to the differential expression of estrogen receptors in cells. Some other factors, such as the drug used or the medium and serum supplemented, might influence the results as well.
Consistently with the work of Wang [2] , our results have suggested that the estrogen receptor promotes protective ROS production under stress against cell death [30] . We speculate that the production of ROS/RNS is regulated by several pathways, including ERα activation. By down-regulating ERα, silibinin decreases ROS/RNS; however, because there were some other undefined pathways by which ROS/RNS were upregulated, silibinin increased the level of ROS/RNS in MCF-7 cells overall. We tried unsuccessfully to identify the ROS/ RNS-up-regulating pathways in silibinin-treated MCF-7 cells.
In summary, our results validated the existence of two conflicting pathways in silibinin-induced MCF-7 cell death: one pathway involves the down-regulation of ERα and thereby augments the pro-apoptotic autophagy downstream, leading to cell death; the other pathway involves the up-regulation of pro-survival ROS/RNS. These findings at the molecular level significantly contribute to understanding of the mechanisms by which the estrogen receptor, oxidative stress and autophagy regulate human diseases such as cancer, and provide a starting point for the design of novel therapeutic approaches. 
